Secondary AML (sAML) has a poor prognosis with conventional chemotherapy alone. Allogeneic hematopoietic cell transplantation (HCT) is beneficial for high-risk AML. Data comparing outcomes of transplants for patients with de novo and sAML are limited. We compared outcomes of patients transplanted for de novo and sAML in first complete remission and investigated the effect of age, HCT comorbidity index (HCT-CI) and karyotype in both groups. A total of 264 patients with de novo (n = 180) and sAML (n = 84) underwent allogeneic HCT between 1999 and 2013. Median age at transplant was 51 years (range 18-71), median follow-up of survivors was 77 months. Evaluation of all patients demonstrated no significant difference between de novo and sAML for overall survival (P = 0.18), leukemia-free survival (P = 0.17), cumulative incidence of relapse (P = 0.51) and non-relapse mortality (P = 0.42). Multivariable and propensity score analyses confirmed the comparable outcomes between de novo and sAML post transplant. Although sAML demonstrates outcomes inferior to de novo AML treated with chemotherapy alone, outcomes following allogeneic HCT are comparable between the two groups.
INTRODUCTION
AML is a heterogeneous disease with diverse clinical presentation, molecular pathogenesis and prognosis. The development of AML may occur de novo or subsequent to a previous diagnosis of solid tumors, hematopoietic malignancies or myelodysplasia. [1] [2] [3] [4] The occurrence of AML following a previous malignancy may be the consequence of cytoreductive therapy for the primary disease, and thus can be considered treatment-related AML (tAML). However, AML may also develop without cytotoxic management as for instance reported for cases where primary solid tumors were treated with surgery alone. 3, 5 The emergence of AML under these conditions likely reflects different mechanisms (non-tAML) such as genetic instability that already may have been associated with the development of the primary malignancy. The concept of progression to AML in the absence of cytotoxic measures is well accepted for myelodysplastic syndrome (MDS) and other hematopoietic malignancies. Studies in the past have often merged patients of both categories (secondary tAML and secondary nontAML), characterizing them all as secondary AML (sAML). [5] [6] [7] [8] Treated conservatively, a worse prognosis was commonly reported for patients with sAML compared with de novo AML. 4, [9] [10] [11] [12] [13] [14] It remains debatable whether or not the decreased rate of survival reflects biological differences in the disease process, differences in the frequency of well-recognized high-risk factors such as unfavorable karyotype, or differences in management. In contrast to de novo AML, the role of allogeneic hematopoietic cell transplantation (HCT) as part of the management of sAML is not well established and the effect on the above described subtypes of sAML (secondary tAML and secondary nontAML) is unknown.
It is the purpose of the current study to examine these issues in a retrospective comparison of patients with de novo and sAML transplanted in first complete remission (CR1). A separate subgroup analysis was performed for sAML patients with primary solid tumors, primary MDS and other primary hematopoietic malignancies that have emerged with or without exposure to cytotoxic therapies.
MATERIALS AND METHODS Patients
The study population included 264 consecutive patients with de novo (n = 180) or sAML (n = 84) in CR1 aged 18-71 years who had received an allogeneic HCT between 1 January 1999 and 30 May 2013 at the Princess Margaret Cancer Centre, University Health Network, Toronto, Canada. All patients consented to the transplant and the study was approved by the Cancer Registry Data Access Committee and the Research Ethics Board of the University Health Network/Princess Margaret Cancer Centre.
Data
The data included a number of pre-transplant variables such as age at transplant, intensity of the conditioning regimen, hematopoietic progenitor cell source, related or unrelated donor choice and year the transplants were performed. Disease-related variables comprised characterization as de novo or sAML and cytogenetic risk at diagnosis. Patients with sAML were sub-grouped as having emerged from solid tumors, MDS or othermalignancy was recorded. All patients underwent HCT in CR1. The HCTcomorbidity index (HCT-CI) was calculated for each patient and stratified for a low-risk (0-2) or high-risk score (≥3). 15 Cytogenetic information at diagnosis was available for 232 patients (88%). Risk was assigned according to the revised Medical Research Council (MRC) 16 and the recently published Center for International Blood and Marrow Transplant Research (CIBMTR) criteria. 17 Grafts were obtained from 175 related and 89 unrelated donors. Before 2005, HLA-typing of related and unrelated donor-recipient pairs comprised A, B and DR determinants, the majority of typing studies were performed at low resolution. Since 2005, HLA-C and DQ were added and since 2008 HLAtyping was performed at high resolution. Ten of the related donors were mismatched at one antigen, and these transplants occurred before the year 2005. The unrelated donors included 17 with one antigen or allelic mismatch, all of these transplants were performed since 2008.
Conditioning regimens and GvHD prophylaxis
Patients received myeloablative or reduced-intensity (RIC) conditioning regimens. The administration of RIC was based on patient age (460 years) or the presence of co-morbidities. 18 The intensity of conditioning regimens was classified based on criteria published by CIBMTR. 19 Myeloablative regimens used from 1999 to 2006 included BuCy (busulfan 3.2 mg/kg × 4 days, cyclophosphamide 60 mg/kg × 2 days) and CyTBI (cyclophosphamide 60 mg/kg × 2 days, total body irradiation (TBI) 1200 cGy the date of their last follow-up. Leukemia-free survival (LFS) was defined as time from transplantation to relapse or death from any cause. Non-relapse mortality (NRM) was calculated as death without evidence of disease relapse.
Statistical analysis
The data were updated as of 30 May 2014, representing a minimum followup of patients of at least 1 year. Patient demographics and treatmentrelated outcomes were reported using descriptive statistics. Categorical variables were shown as counts and percentages. The continuous variable of age at transplant was displayed as median with range. Median follow-up of survivors was calculated using the method of Korn. 20 The main outcome variables of interest included OS, LFS, cumulative incidence of relapse (CIR) and cumulative incidence of NRM. OS and LFS rates were calculated using the Kaplan-Meier product-limit method and the impact of variables assessed by the log-rank test. CIR and NRM rates were determined using the competing risk method. For CIR, death was accounted for as competing risk, whereas for NRM relapse was accounted as competing risk. 21 Multivariable analyses were performed using Cox proportional hazards regression for the outcome of OS and LFS. For CIR and NRM, the Fine-Grey's method was performed taking into account competing risk of each endpoint. 22 The following clinically meaningful variables were entered into the multivariable model: AML subtype (de novo versus sAML), age at transplant, HCT-CI score, donor status, cytogenetic risk at diagnosis of AML, conditioning regimen intensity and time period of transplant. The impact of variables was considered significant when Po 0.05. The influence of cytogenetic risk was evaluated in separate multivariable analyses using either the cytogenetic risk classification by MRC 16 or CIBMTR.
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To address the possibility of association of AML subtype (de novo vs sAML) with variables studied in the analysis, we implemented the propensity score matching method 23, 24 to obtain comparable subpopulations of patients with de novo and sAML matched for age at HCT, conditioning regimen intensity, HCT-CI score, cytogenetic risk and donor status. For 62 out of the 84 patients with sAML (74%) a suitably matched de novo AML patient was identified. This was followed by univariate comparison of the matched groups for OS and LFS.
Data analysis was performed using SAS Version 9.3 (SAS Institute, Inc., Cary, NC, USA) and the open source statistical software R version 3.0 (R Foundation for Statistical Computing, Vienna, Austria).
RESULTS

Patient and transplant characteristics
Baseline patient, disease and transplant-related characteristics and their distribution for patients with de novo or sAML are listed in Table 1 . A total of 264 patients with AML in CR1 were transplanted with a median age of 51 years (range 18-71 years) and equal gender distribution. Median follow-up of survivors was 77 months. Transplants were performed for 180 (68%) patients with de novo AML and 84 with sAML (32%). Peripheral blood stem cells were used in 217 patients (82%) and marrow in 47 (18%) patients. In all, 119 patients were aged o50 years at transplant, 145 were ≥ 50 years old. In all, 176 patients (67%) were prepared with myeloablative and 88 (33%) with RIC regimens. Incomplete platelet recovery was documented for 48 patients, 27 patients (15%) with de novo AML and 21 patients (25%) with sAML (Table 1) . Cytogenetic data at diagnosis, evaluated by the MRC criteria, were available for 232 patients (88%) including 12 patients (5%) with favorable, 167 (72%) with intermediate and 53 (23%) with unfavorable risk karyotypes. 16 (Table 1) .
Patients with de novo or sAML differed with respect to certain risk indicators. Patients with sAML were more likely to be older, had a higher HCT-CI score and were prepared with RIC. Cytogenetic assessment with both the MRC and CIBMTR scoring system showed no significant differences in the distribution of risk categories for de novo and sAML ( Table 1) .
The 84 patients transplanted for sAML included 73 (87%) with a previously diagnosed hematological malignancy and 11 (13%) with previous solid tumors. All 11 patients with solid tumors were treated surgically and with cytotoxic therapy. The 73 patients with a previous hematological malignancy comprised 40 patients with MDS and 33 with other hematopoietic disorders. One of the MDS patients received systemic treatment in the form of autologous transplant, 19 of the 33 patients with other hematopoietic malignancies underwent chemotherapy. Details concerning primary diagnosis and respective treatment preceding the diagnosis of sAML are listed in Table 2. OS and LFS The OS (P = 0.18) and LFS (P = 0.17) of patients with de novo and sAML did not differ when all patients transplanted during the Table 2 . Primary disease and treatment-related characteristics of patients developing secondary AML subsequent to a previous malignancy complete study period were evaluated by univariate analysis ( Figure 1 and Table 3 ). However, patients with sAML transplanted before 2005 demonstrated inferior OS and LFS compared with patients with de novo AML. A difference in OS and LFS was not observed between patients with de novo and sAML transplanted since 2005 (Table 3 ). An evaluation and outcome comparison of patients with sAML was performed taking into account the subgroups tAML and non-tAML. Neither the subtype of primary malignancy nor its management impacted OS (Table 4) . A subgroup evaluation of patients with sAML following a previous hematological malignancy (n = 73) compared with a primary solid tumor (n = 11) also failed to demonstrate a significant difference in OS (P = 0.88, hazard ratio (HR) = 0.94, 95% confidence interval (CI) = 0.41-2.15, Figure 2 and Abbreviations: chemo/rad = chemotherapy and/or radiation; CI = confidence interval; MDS = myelodysplastic syndrome; OS = overall survival; sAML = secondary AML.
which were de novo and 7 of which were sAML. Univariate analysis for OS demonstrated no significant difference between the two groups (P = 0.66). Multivariable analysis for OS and LFS (Table 5 ) demonstrated no significant difference between de novo and sAML (P = 0.56 and P = 0.66, respectively). Increasing age, higher HCT-CI score, unrelated donor status and time period of the transplant before the year 2005 identified as contributory variables to inferior OS and LFS (Table 5) . A further interrogation of the data revealed that the poorer OS and LFS of patients transplanted from unrelated donors pertained to the time period before 2005 (P = 0.03 for OS, P = 0.01 for LFS). OS and LFS were not different for recipients of related and unrelated grafts since 2005 (P = 0.13 for OS, P = 0.08 for LFS). OS and LFS were not influenced by cytogenetic risk as determined by MRC criteria (overall P-value 0.29 and 0.18, respectively). A multivariable analysis exchanging the MRC with CIBMTR criteria yielded a similar result (data not shown).
A multivariable analysis for OS stratified for the time period of transplantation before and since 2005 was performed to examine whether or not a time-dependent difference existed between de novo and sAML. The HR between sAML and de novo AML before 2005 was 3.1, the HR since 2005 was 0.69. A comparison of both HRs yielded a P-value of 0.04. Propensity score-matched analysis A propensity score-matched analysis was performed on a subset of 62 pairs of matched patients with de novo and sAML as described in the Methods. The examined clinical characteristics noted in the Methods were proportionally distributed between the de novo and sAML groups that were generated (data not shown). Of note, approximately 75% of matched pairs for both groups were transplanted since 2005.
Both groups demonstrated a comparable OS (P = 0.54, HR = 0.86 for sAML, 95% CI = 0.53-1.39, Figure 3a ) and LFS (P = 0.40, HR = 0.82 for sAML, 95% CI = 0.51-1.30, Figure 3b) . CIR, NRM and subsequent outcome Patients with de novo or sAML did not show any difference with respect to CIR post transplant (P = 0.51). A multivariable analysis (Table 5 ) confirmed the observation (P = 0.88). None of the other variables investigated in the multivariable analysis influenced CIR.
Fifty-six patients (21% of total) relapsed following the transplant. Median time to relapse post-HCT was 6 months (range 1-93). Their median survival post relapse was 2 months (range 1-41 months) and the 2-year survival 9%. The prognosis of patients relapsing more than 6 months after the transplant was Abbreviations: CIR = cumulative incidence of relapse; HCT-CI = hematopoietic cell transplant comorbidity index; HR = hazard ratio; LFS = leukemia-free survival; MA = myeloablative conditioning regimen; MRC = Medical Research Council; NRM = on-relapse mortality; RIC = reduced intensity conditioning regimen; OS = overall survival; sAML = secondary AML.
somewhat improved with a 2-year survival of 15% (P = 0.01, HR = 2.34 for relapse post transplant ≤ 6 months, 95% CI = 1.20-4.56). There was no significant difference in survival post-relapse for patients with de novo and sAML (P = 0.64, HR for de novo AML = 0.85, 95% CI = 0.43-1.68).
The study did not reveal a difference between de novo and sAML with respect to NRM in univariate (P = 0.42) and multivariable analysis (P = 0.85). The influence of the other tested variables on the multivariable analysis is outlined in Table 5 .
DISCUSSION
In this retrospective study of patients undergoing HCT for AML in CR1 at our center, we compared the post-transplant outcomes of patients presenting with de novo AML and those with sAML.
The data were collected from patients undergoing transplants during a period of 14.5 years starting from the year 1999. During this prolonged time interval, a number of management strategies were introduced that may have influenced transplant outcomes over time. To reduce the impact of these changes, the analyses were performed with the time of transplant as a covariate. In addition to other well-recognized risk factors such as age, HCT-CI score and cytogenetic risk, we were also cognisant of potential difficulties comparing the outcome of patients with sAML emerging from different subtypes (secondary tAML and secondary non-tAML). The subgroup analysis did not demonstrate any significant differences. Based on this observation it is reasonable to group the described subtypes as sAML to evaluate the other risk factors.
Univariate and multivariable assessment strategies did not show any significant difference in OS, LFS, CIR and NRM after HCT for all examined patients with de novo or sAML. This observation was made in spite of a risk factor imbalance with respect to a higher proportion of patients in the sAML group presenting with older age, increased HCT-CI score and preparation with RIC. To address the imbalance, we applied a propensity score matching approach to create a data set of 62 matched pairs and repeated the analysis for OS and LFS. The latter strategy also failed to demonstrate a difference.
One may speculate on the reasons why the survival differences for patients with Allogeneic transplants thus represent a treatment option for sAML patients resulting in outcomes comparable to those seen for patients transplanted with de novo AML. These observations are consistent with previous reports. 25 Age continues to be a predominant risk factor, whereas the impact of risk related to intermediate and unfavorable karyotype at diagnosis appears to be substantially modified and improved through allogeneic transplant strategies.
Using the MRC and CIBMTR scoring systems in our data set we were unable to demonstrate in our albeit limited data set a significant difference in OS and LFS for patients with intermediate and unfavorable cytogenetics presenting with de novo or sAML.
Allogeneic transplants are usually not recommended in CR1 for patients with favorable cytogenetics. The question remains debated whether or not to transplant patients with more complex risk profiles but favorable cytogenetics in CR1. Grimwade et al. demonstrated equivalent outcomes of conventional treatment for patients with favorable cytogenetics and sAML compared with de novo AML. 26 This observation is not supported by other studies 27, 28 in which patients with sAML have a less favorable outcome compared with patients with de novo AML, independent of cytogenetic risk. The latter studies include patients of more advanced age which is considered to represent an important risk factor.
In summary, a number of previous studies have concluded that patients with sAML represent a high-risk group. The poorer outcome compared with patients with de novo AML is likely a reflection of risk factors such as age and karyotype, rather than the nature of a secondary malignancy. Allogeneic transplants appear to result in outcomes comparable to those seen in patients with de novo AML. 
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